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AXTAT.-POWER-DISTRIBUTION OPTIMIZATTON IN THE
TUNGSTEN WATER-MODERATED REACTOR (U)
by Edward Lantz

Lewis Research Center

SUMMARY

For the comparatively large temperature differences obtained in nuclear
rocket reactors, a significant savings in core length can be obtained by tailor-
ing the axial-power distribution so that as much of the core as possible is
operating at the maximum allowable temperature. An optimumly zoned core can be
from 25 to 30 percent shorter than an unzoned core and still produce the same
outlet gas temperature for a given maximum fuel surface temperature.

A shorter core will result in less friction pressure drop for the propel-
lant hydrogen. Also, since the reactor is the heaviest component of the rocket
engine, a 25 percent shorter core would mean a significant increase in thrust-
to-weight ratio and a consequent increase in rocket payload.

Attaining this savings in core length, however, requires finding the exact
power distribution for a given temperature distribution. This determination is,
in general, a problem which requires an iterative-type solution, and, as a con-
sequence, the perturbation method described herein can reduce the required num-
ber of iterations and can ensure that the greatest possible savings in core
length is obtained.

It is also shown that in order to get the desired power distribution in
the tungsten water-moderated rocket reactor, both a good inlet end neutron re-
flector and an axially nonuniform core composition, such as varying fuel or par-
asitic absorber density, are required.

INTRODUCTION

According to Newton's law of cooling, more power can generally be trans-
ferred from a hot solid surface to a cold gas than to a hot gas. As a conse-
quence, in a solid-core nuclear rocket, where a hydrogen propellant is heated
to the highest possible temperature with a limited maximum solid fuel tempera-
ture, more power can be transferred to the propellant at the inlet end where the
propellant is cool than at the exit end where the propellant is hot and is ap-
proaching the fuel-element surface temperature. Thus, in order to make the
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most effective use of the heag&%rancfer area in the reactor, more power should
be generated in the inlet half of the reactor than in the exit half. This re-
quires an inlet end neutron reflector and a core which is of a nonuniform com-
position in the axial direction.

AR

The advantage of tailoring the axial-power distribution in a gas-cooled re-
actor was noted in the aircraft nuclear propulsion program (ref. 1) and was also
recognized in the design of the ML-1 reactor (ref. 2). However, the temperature
difference between the fuel surface and the coolant gas at the inlet end of
these cores is considerably smaller than that of rocket cores, and since the
heat-transfer-area savings that can be obtained by axial-power tailoring is a
direct function of this temperature difference, only comparatively small savings
in heat-transfer areas were obtained in these two cases. A qualitative descrip-
tion of the increased heat-transfer effectiveness thus obtained in a rocket core
and a brief description of a heterogeneous tungsten rocket reactor are given in
reference 3. The axially tailored power example in reference 3 did not have the
maximum allowablc fuel surface temperature throughout the reactor. This temper-
ature is required for maximum heat transfer from a given heat-transfer area.

The calculation of the axial-power distribution in a single average flow
passage of a reactor which has the maximum allowable fuel surface temperature
over its whole length is a complex problem. The heat-transfer coefficient be-
tween the fuel elements and the hydrogen propellant is primarily a function of
fuel surface temperature, hydrogen temperature, and hydrogen velocity. The tem-
peratures and velocity are, in turn, dependent on the heat-transfer coefficient.
Because of these interactions, an open-form solution is generally required.

The axial-temperature distributions have not been optimized in the present
generation of rocket reactors. At the power densities of these cores, small er-
rors in the required power density can lead to a comparatively large deviation
in temperature; thus an orderly approach is needed to predict the power distri-
bution for a given temperature distribution. In order to eliminate some of the
iterations in the optimization procedure, the following perturbatlon procedure
was devised.

HEAT TRANSFER ANALYSIS, CALCULATIONS, AND RESULTS

For a given propellant gas inlet and outlet temperature and a given maximum
surface temperature, the minimum heat-transfer length of an axial-flow channel
is cobtained when the entire length is maintained at the maximum surface temper-
ature. This is evident from equation (A9) of appendix A, that is,

To(L2) - To(oz) =-‘ﬁfl—>a (1)

(A1l symbols are defined in appendix B.) Thus it is seen that the maximum power
is obtained at each axial point with a maximum surface temperature. However,
there are a number of considerations that may force a decreased surface tempera-
ture at the inlet end of the core. With the procedure to be described here, one
can start with an allowable axial fuel-plate surface-temperature distribution,




which comes as close as possible to having the fuel plate surface temperature
a maximum throughout the length of the flow channel, and derive the required
axial-power distribution to attain this surface~temperature distribution.

The two basic equations, which are equations (A6) and (A9) of appendix A,

are
A z=Az
Tg(A2) =B¢4-’§V; /Z;O a(z)dz + (Tg), (2)
T (o2) = Ty(ag) + AE2 (3)

The method is to divide an average flow channel of the reactor into a suffi-
cient number of axial nodes of length Az such that for each axial node, n

q(z) = q,, @ constant of node n (4)
ﬁEX = (Cl)n’ a constant of node n (5)
MC

1Y

% = <C2)n’ a constant of node n (8)

Then from equations (2), (4), and (5) for any successive node, n

(Tg)n = (Cl)nqn Az + (Tg)n_l (7)

where
T = (T
( g)i ( g)n—l
that is, the gas temperature at the inlet of a node is equal to the gas temper-

ature at the outlet of the preceding node. Solving equation (7) for (Cl)n
gives

(Tg)n - (Tg)

n-1
(Cl)n = qn Az, (8)
Also, from equations (3) and (6),
(Tg) = (Tg)_+(Cp) ay (9)

Solving equation (9) for (Cz)n gives
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(Cz), = (10)

Substituting for (Tg)n as given by equation (7) into equation (9) gives

(Ts)n = (Cl)nqn Oz + (Tg)n_l + (CZ)nqn

or,
(1) - (Tg)
In = (C1)_ &z + (Cp)_

(11)

Now the procedure is to assume an initial power distribution for a calcu-
lation by a heat-transfer program which solves, as rigorously as possible, for
the gas-temperature distribution Tg(z) and the surface temperature distribu-
tion Tg(z). With these temperatures used in conjunction with the input power
distribution, the nodal constants (Cq)  and (C5)  can be determined for each

axial node from equations (8) and (10). Nodal constant (Cz)n will now have a

total heat-transfer coefficient in it which includes radiation as well as con-
vection. A sample of the results of this calculation, which is based on a typ-
ical temperature distribution, is shown in table I. One can now use this set
of constants to calculate the required power distribution for a desired temper-
ature distribution. This calculation can be made by first breaking the temper-
ature distribution into the same nodes for which the constants were calculated
and then solving equations (11) and (7) successivelyl for the nodal power den-
sities. A sample of the results of this calculation is given in table II.

lwith n =1 equation (11) is

(To); - (Tg),
ql - (Cl)l Az + (Cz)l

Then from equation (7)
(Tg), = (C1) @ a2+ (1),
Therefore for n = 2,

(TS)Z - (Tg)l
9 = (01)2 Az + (02)2

etc. This process can be continued for all nodes.
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The surface temperature distribution assumed for table IT is flatter than that
of table I. Thus, the power densities in the nodes closer to the inlet are
higher and the resulting outlet gas temperature is higher for a given maximum
surface temperature.

In order to check the perturbation method, the power distribution calcu-
lated in table II and plotted in figure 1 was put into the rigorous heat-
transfer program and the temperatures recalculated. The results of this calcu-
lation are given in table III. When the hand calculated temperatures of
table II are compared with the rigorously calculated ones of table TII, some
differences can be seen. However, the method is sufficiently accurate to be of
value in determining the required power distribution for a given temperature
distribution.

The gas-temperature distribution given in table IIT was for a single flow
channel, which was not gquite the average channel. The gas temperature at the
outlet of the average channel is 2478° K, rather than 25720 K. Also, the tem-
perature distribution of table IIT was calculated with a value of heat-transfer
coefficient that was too low for the nodes close to the inlet end. A better
heat-transfer correlation has been determined by John V. Miller and Maynard F.
Taylor (ref. 4). This correlation was used, and the calculations Just described
were redone to determine the optimized axial-power distribution shown in fig-
ure 2. This power distribution had a considerably flatter temperature distribu-
tion than that obtained from the power distribution of figure 1. This power
distribution produces the same average gas temperature as before (i.e.,
2478° K), but does it with a maximum surface temperature of 2640° K rather than
the 2731° K obtained in table ITII. Thus for a given surface temperature, a
higher gas temperature and specific impulse can be produced by an optimized
pover distribution. Alternatively, the same gas temperature can be obtained
with a shorter core.

In order to evaluate the advantage of tailoring the axial-power distribu-
tion, a core heat-transfer efficiency e can be defined as was done in refer-
ence 5;

(), - (Tg),
ST - (T, (2)

. . _ o _ o
For this analysis, (Tg)O = 222° X and (Tg)e = 2478° K. The (Ts)maX and €

for various axial-power distributions are listed in table IV. As is seen there,
the heat-transfer efficiency can be increased from 0.83 for the unzoned, unre-

flected case to 0.93 for the opbtimum power distribution in the same length core.
Alternatively, if the same (TS)max is allowed in core 3 as in core 1, the core

length can be reduced by 26 percent.

NEUTRONIC CONSIDERATIONS

The tungsten water-moderated reactor concept is briefly described in ref-
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erence 3. The characteristic axial-power distribution of the unzoned, unre-
flected core is cosine shaped. Putting an approximately 7.5-centimeter, 70 per-
cent beryllium - 30 percent water reflector on the inlet end changes the distri-
bution to that shown in figure 3 and brings the heat-transfer efficiency up
from 0.83 to 0.88 (see table IV). '

One method for getting the desired power distribution is to vary the ura-
nium 235 concentration in the axial direction. This can be seen from

q(z) = Npog(z) (13)

Thus increasing Np 1in the inlet end of the core increases q(z) there. One

of the disadvantages of this type of zoning is that in a practical zoned situ-
ation Ne 1is not a continuous function in the axial direction but rather a dis-
continuous function. Since ¢(z) is a continuous function, a discontinuous Ng
causes a discontinuous q(z) (i.e., power density). This is not an insurmount-
able problem but is an annoying one.

Another method of talloring the power distribution is to add an axially
varying amount of parasitic neutron absorber to the core. Thus, to obtain the
zoned power distribution of figure 1, one would add a parasitic neutron ab-
sorber, such as natural tungsten in the tungsten water-moderated reactor, in
the exit half of the core. This type of zoning varies ¢(z) rather than Ng,
and ¢(z) is always a continuous function; so that in this type of zoning the
power distribution is continuous.

In both the fuel and parasitic absorber zoning, a loss in core reactivity
(i.e., neutron multiplication factor) is sustained. In the fuel zoning, the
reactivity is lost because the metallurgically allowable maximum fuel concentra-
tion can no longer be used throughout the full volume of the core. In parasitic-
absorber-zoning, neutrons that were captured by the fissioning fuel in the un-
zoned core are captured by the parasitic absorber in the zoned core., In obtain-
ing the power distribution of figure 1 by either fuel or parasitic absorber zon-
ing, about 4 percent in reactivity 1s lost. 1In obtaining the power distribution
of figure 2, an 8.5 percent loss in reactivity is sustained. A conceivable way
of obtaining the power distribution of figure 2 while keeping the reactivity
loss to a minimum is to make use of a fueled inlet end reflector with materials
such as beryllium oxide and uranium dioxide.

SUMMARY OF RESULTS

The following results were obtained from this study of the axial-power dis-
tribution in a hydrogen-cooled solid-core nuclear rocket reactor:

1. The perturbation method described here can be used to reduce the re-
quired number of iterations between power distribution and temperature distribu-
tion and thus help to ensure that the desired temperature distribution is ob-
tained.

2. A significant savings in core length can be obtained by tailoring the




cosine-shaped axisl-power distribution of a rocket reactor. A savings of at
least 26 percent can be obtained in the tungsten water-moderated reactor by
using an axially zoned distribution which costs about 4 percent in core reactiv-
ity. A greater savings can be obtained if more reactivity could be afforded for
this purpose or if a beryllium oxide - uranium dioxide inlet end reflector is
used.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, November 23, 1965.
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APPENDIX A

GENERAL HEAT-TRANSFER EQUATIONS

Expressions for surface and gas temperatures in a solid-fuel heat-exchange
reactor in a steady-state condition are derived as follows:

The power generation dQ in an elemental volume at an axial point 2z is
given by

2)Ag, 4z, W (A1)

where
q(z) average power density in elemental volume, W/cm3
AXy fuel area in x,y-plahe, which isg transverse to the z-direction, cm?

dz axial length of elemental volume, cm

With respect to energy conservation for a steady-state condition, the power gen-
eration in the elemental volume is also given by

dQ = MC, dT, W (A2)

where
M propellant mass flow, kg/sec

C specific heat of propellant, J/(kg)(°K)

Y
and
dTy = Tg(lz) - (Tg)y (A3)
where
Tg(éz) propellant gas temperature at outlet end of elemental volume, ©K
(Tg)i propellant gas temperature at inlet end of elemental volume, ©K
From equations (Al) and (A2),
z)A_ dz = MC_ 4T A4
alz)a,, dz = NC a7, (84)

Integrating both sides of equation (A4) over an axial node of length Az gives

Tg(oz) - (Tg), = fx_x / dz (A5)
° h
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where the node length is so chosen that C, 1s essentially constant. Thus,
dTg 1is proportional to the integral of the power density or total power,
and the gas temperature at a node outlet is

z=A\z '
Tg(Az) = %p ./Z;O Q(Z)dz + (Tg) (AB)

1

Also applying Newton's law of cooling at an axial point z at the outlet of a
node gives

a(2)atyy = iy [T,(2) - T (c0) (a7)
where
a fuel-plate thickness, cm
Ay nodal heat-transfer area, cm?
h heat-transfer coefficient to gas, W/(cmz)(oK)

TS(Az) fuel-plate surface temperature at node outlet, Ok
Tg(Az) gas temperature at node outlet, °K

Simplifying equation (A7) gives

Tg(L2) - Tg(hz) = 4 (A8)
or
To(22) = Ty(az) + L2  (a9)

Substituting for Tg(Az) as expressed in equation (A6) into equation (A9) gives

hASAVA
T.(Az) = f\‘_xz / a(z)dz + (Tg)i + g%_)_a (A10)
Mcp z=0
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APPENDTX B
SYMBOLS
AXy fuel area in x,y-plane, which ig transverse to z-direction, cm®
a fuel-plate thickness, cm
Cp specific heat of propellant at constant pressure, J/(kg)(%K)
(Cl)n heat capacity constant of node n, (OK)(cmz)/w, eq. (5)

(C2), heat-transfer constant of node n, (°K)(cm®)/W, eq. (&)

h heat-transfer coefficient to gas, W/(cm2)(°K)

M pronellant macs flow, kg/sec

Ne atom density of fuel, atoms/cm5

n axial node

a(z) average power density in elemental volume, W/cmd
dav average power density of all axial nodes, W/cm3
ap average power density in node n, W/em®

Tg gas temperature, ©K

(Tg)e gas temperature at final node, ©K

(Tg)i gas temperature at inlet of node, %K

(Tg)n gas temperature at outlet of node, CK

(Tg)g gas temperature at inlet to first axial node, °K
T (Az) gas temperature at node outlet, %K

Ts,max  maximum surface temperature in core, °x

(Tg)y, surface temperature of node, %K

TS(Az) fuel-plate surface temperature at node outlet, K

€ core heat-transfer efficiency
Op fission cross section for neutrons, cm?
o(z) neutron flux at axial point g, neutrons/(cmz)(seC)
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[qn = Average power density of node

g

TABLE I. - NODAL CONSTANTS C,

AND C, FROM

INITIAL HEAT-TRANSFER CALCULATION

n; 4, = average power
density over all axial nodes;
(Tg) = (), (Tg)_ - (Tg)_
(Cl)n Az = / H (Cz)n = —7—-
/9y I/ gy
Axial\dy/a, (Tg) - (Tg) s |(Ts) - (Tg) s (C1) Az} (C2)
node, o
n
1 0.81 167 1056 206.17 [1303.70
2 .96 195 1007 203.13 |1048.96
3 1.08 195 960 180.56 | 888.89
4 1.15 195 916 169.57 | 79€.82
s 1.1% 1o 868 163.87 729. 41
6 1.20 208 822 173.33 | 685.00
7 1.15 180 739 156.52 | 642.61
8 1.11 195 667 175.68 | 600.90
9 1.06 139 598 131.13 | 564.15
10 1.01 153 539 151.48 | 533.66
11 .97 158 483 162.89 | 497.94
12 .89 133 429 149.44 | 482.02
13 .81 111 368 137.04 | 454.32
14 .61 73 244 119.67 | 400.00
TABLE TI. - CAICULATED NODAL POWER DENSITIES qr'l/qav
FOR ASSUMED SURFACE TEMPERATURE (TS)n
(ry) - (T,) '
I “'n &' h-1 (qn )
[qav R CR N (Tg), = () g/ ™ Tedpy
Axial \(Tg) , (Cp), 22+ (Cp) | qf a)  |(Tg)ps
node, oy T (Cl)n Nz —— o
n av an i
0 ———= | emmeee- ———] === 222
1 1656 1509.87 0.95 195.86 418
2 1921 1252.09 1.20 243,76 662
3 2084 1069. 45 1.33 240.14 902
4 2245 966.09 1.39 235.70 1138
5 2379 893,28 1.39 227.78 1366
6 2482 858.33 1.30 225.33 1591
7 2550 799.13 1.20 187.82 1779
8 2633 776.58 1.10 193,25 1972
9 2667 695.28 1.00 131.13 2103
10 2699 685.14 .87 131,79 2235
11 2730 660.83 .75 122,17 2357
12 2735 631. 46 .60 89.66 2447
13 2754 591.36 .52 71.26 2518
14 2726 519. 67 . 40 47.87 2566




TABLE ITI. - COMPUTER CALCULATED

TEMPERATURES FOR PERTURBED

POWER DISTRIBUTION q'/q .

factal /Yy | (Tg)» | (Te)
node
0 % %
0 ———— 222 -——
1 0.95 432 1626
2 1.20 657 1877
3 1.33 903 2043
4 1.39 1153 2210
5 1.39 1393 2356
6 1.30 1610 2436
7 1.20 1804 2499
8 1.10 1978 2568
9 1.00 2131 2633
10 87 2260 2671
11 .75 2368 2703
12 . 60 2451 2705
13 .52 2521 2731
14 . 40 2572 2724

TABLE IV, - HEAT-TRANSFER EFFICIENCIES ¢ FOR CORES WITH

VARYING DEGREES OF AXIAL-POWER TAILORING

[Gas inlet and outlet temperatures, 222° and 2478° K, respectively. ]

Core Axial-power distribution Maximum Heat-transfer
surface efficiency,
temperature, €
1 |Unzoned, unreflected 2944 0.83
2 {Reflected, unzoned 2800 .88
3 |Zoned power distribution (fig. 1) 2731 .90
4 |Optimum power distribution (fig. 2) 2640 .93

.
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NASA-Langley, 1966

Power density relative to average
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1.4

1.2

1o

~Power distribution
without inlet end
reflector

Power distribution
with 7.5cm, 70%
Be - 30% H20 e
infet end reflector—

I | | 1

.2 4 .6 .8 1.0
Fraction of total core length from inlet

Figure 3. - Comparison of axial-power distribution of tungsten

water-moderated reactor with and without inlet end reflector.
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